With recent advances in wireless communications and low-power electronics, accurate position location may now be accomplished by a number of techniques which involve commercial wireless services. Emerging position location systems, when used in conjunction with mobile communications services, will lead to enhanced public safety and revolutionary products and services. The fundamental technical challenges and business motivations behind wireless position location systems are described in this article, and promising techniques for solving the practical position location problem are treated. caller. In fact, [1] indicates that at least one of every five 91 1 calls is originated by a cellular telephone user, and 25 percent of these users do not know their location when placing the call. In June 1996, the FCC adopted a new rulemaking order based on [I], which requires wireless service providers to support a mobile telephone callback feature and cell-site location mechanism by mid-1997, with completion required by early 1998. For wireless E-91 1 services, private branch exchanges (PBXs) which connect wireless users to the public switched telephone network (PSTN) will be required to indicate the wireless caller's telephone number, the base station location, and an estimate of the location of the caller. With these new requirements, public safety answering points (PSAPs) will have enhanced position location information on each wireless emergency call, and will have the option of requiring even more detailed position information within five years [2] . While safety is the main motivation for wireless position location, other promising applications include accident reporting, navigational services, automated billing, fraud detection, roadside assistance, and cargo tracking. Position location systems will provide new services and revenue sources for wireless carriers, greater crime-fighting capabilities for law enforcement personnel, and new methods for tracking people and parcels. Position location services will not only provide new consumer options and products for wireless carriers, but also features that could differentiate services and markets (i.e
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In 1991, the U.S. Transportation Research Board and the National Research Council defined research needs and implementation requirements for Intelligent Transportation System (ITS) communication standards [3] . In 1993, the U.S. Transportation Research Board focused on seven unique aspects of ITS communications, including vehicle monitoring, highway automation, and traffic management systems. Specific problems targeted for research included candidate technologies for on-board vehicle location and position location from wireless base stations [4] . Meanwhile, commercial forces in the United States have created nearly 100 percent coverage of analog mobile phone system (AMPS) and paging services, as well as worldwide coverage of the global positioning system (GPS).
In the remainder of this article, we provide an overview of existing position location systems, followed by a survey of fundamental concepts in position location, a summary of advanced algorithms for position location, and a discussion of research and future issues for ITS position location for wireless systems.
OVERVIEW OF EXISTING POSITION LOCATION SYSTEMS
number of position location systems have evolved over A the years that a r e useful for ITS applications. More recently these systems have become synergistic with wireless communications. Already, large shipping and trucking companies such as Highway Master and United Parcel Service have location capabilities which use existing cellular systems and GPS. Qualcomm's OmniTRACSB system providcs satellitebased fleet management, whereas Highway Master uses the terrestrial cellular system. Below we provide an overview of some of the popular commercial position location systems and the communication technologies with which these systems work.
GLOBAL POSITIONING SYSTEM
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GPS is the most popular radio navigation aide and has overtaken virtually all other forms of radio navigation because of its high accuracy, worldwide availability, and low cost. For ber ($ID) and a digital color code (DCC) is sent every 0.8 s. The SID identifies the market covered by the a wireless communications device to relay location information to the PSTN or PSAP.
The principle behind GPS is simple, although the implementation of this time-of-arrival (TOA) system is quite complex [5-71. GPS uses precise timing within a group of satellites and transmits a spread spectrum signal to earth on L-band (centered at 1575.42 MHz). An accurate clock at the receiver measures the time delay between the signals leaving the satellites and arriving at the receiver. This allows calculation of the exact distance from the observer to each satellite. If three satellites are visible to the receiver, triangulation can be used to find the observer's location. In practice, a lower-accuracy clock is used by the observer, and signals from a fourth satellite are used to correct receiver clock errors. The time traveled by each signal describes a sphere about the satellite. A receiver's position lies at the intersection of three spheres, providing coordinates in latitude, longitude, and altitude.
Currently GPS receivers can be found in quantity for under $200/unit with accuracy of approximately 100 m. More sophisticated units, including those used by the military or using differential GSP, provide accuracy within a few meters. Prices of GPS units are dropping rapidly as production levels and demand increase.
Reducing the cost of GPS receivers is the key to the successful deployment of GPS for ITS applications. NAVSYS
Corp. has developed a low-cost GPS sensor called TIDGET'" that takes a 10 ms "snapshot" of the raw GPS sampled data and transmits this information via cellular radio to a remote site where the information and the GPS receiver location are determined [8] . A map database may be incorporated into the processing scheme to allow the position of the GPS receiver to be determined with as few as three satellites in view. The TIDGET receiver can be purchased in large quantities for about $50/unit since only a partial GPS receiver is needed. GPSiTIDGET accuracy is being tested as part of the Colorado Mayday Project with positive early results [9] .
LORAN C Loran C, developed in the 1950s by the U.S. Department of Defense, operates in the low frequency (90-110 kHz) band and uses a pulsed hyperbolic system for triangulation. It has repeatable accuracy in the 19-90 m range and is accurate to about 100 m with 95 percent confidence and 97 percent availability. Like GPS, its performance depends on local calibration and topography. The system offers localized coverage to the United States and selected countries [lo] . GPS has replaced Loran C in most applications.
SIGNPOST NAVIGATION
Signpost Navigation employs a large number of simple radio transmitters to accurately determine position at a mobile. These transmitters are spaced along highways and typically serve as coded beacons, where the code designates the latitude and longitude of the signpost. The transmitter signal strength indicates the relative position of the receiver to the transmitter. This navigation aid works well for limited areas such as a small city. While not originally designed as such, today's AMPS analog cellular radio system may actually serve cellular system, whereas the DCC and forward control channel number may be used by an intelligent receiver to determine location within a cell site. When receivers have a priori knowledge of the location and DCC assignment for each base station, a standard cellular system may be used as a course position locator.
GLOBAL NAVIGATION SATELLITE SYSTEM
The Global Navigation Satellite System (GLONASS), an initiative by the Russian government to provide a similar system to GPS, is in its final stage of development [12] . Although the system uses principles similar to GPS, its operation differs in several aspects. The synchronization period for GLONASS takes only 113 as long as GPS, typically under a minute. The integration of GLONASS and GPS receivers offers a synergistic combination to substantially reduce position errors [13] . [14] . In 1995, the FCC changed the name of these systems to "location and monitoring services (LMS)." In the United States, the primary band for LMS is the 902-928 MHz industrial, scientific, and medical (ISM) band, although LMS is supported to a lesser extent in several bands below 512 MHz. LMS systems are licensed systems with up to 300 W peak power for the forward link; however, they share the band with low-power unlicensed devices, such as cordless phones, wireless local area networks, and utility meter-reading systems. The band is also used by federal government radiolocation systems and amateur radio operators, so the prospect of interference between LMS and other users of the spectrum is an issue in the deployment of LMS systems [E] . Geolocation offers some advantages to GPS since it concentrates cost at each base station and allows position location to be performed without the need of GPS at the mobile. Thus, standard cellular phones, including handheld portables, may be tracked. Service providers may also use geolocation to accurately determine capacity needs for a particular region, and may adapt the network accordingly. This approach sup-ports an E-911 implementation that is compatible with any existing mobile phone, and the position location information may be used simultaneously for vehicle traffic management, incident detection, and wireless network management.
AUTOMATIC VEHICLE MONITORING
CELLULAR GEOLOCATION
In the CAPITAL operational test, geolocation equipment is located at selected cellular towers to collect phone usage statistics and to geolocate phones on designated roadways. In this application, it has been shown that traffic monitoring via cellular has several advantages over conventional ITS traffic monitoring techniques such as buried magnetic sensors or video cameras. These advantages include lower cost as compared to magnetic loop-based approaches, high reliability and low maintenance, and no disruption of road service for installation or repairs. The CAPITAL system geolocates the target mobile by monitoring (at base stations) the reverse voice channel or reverse control channel transmissions from the mobile user. Multiple base stations receive the mobile signal, and the target position is determined by combining angle of arrival (AOA) estimates from each base station and time difference of arrival (TDOA) estimates between multiple base stations. AOA measurements at each base station are made using an adaptive array and a variation of the maximum likelihood techniques described in [18, 191 (discussed later). Signal time of arrival data are measured at each base station and timestamped with a GPS time reference to determine TDOA position estimates. The impact of multipath is minimized by using highly directional adaptive antennas that offer spatial filtering [17, 20, 241. However, it is still necessary to do additional processing to sort multipath components from direct components and to identify interfering components. Experimental results showed that position estimates were, for the most part, within 100 m of the true location, and within the accuracy proposed for E-9llcellular service [16, 171. Positions are typically fixed in less than a second, which is faster than a typical GPS configuration. The technology also works for a variety of cellular standards such as AMPS, narrowband AMPS (N-AMPS), and U.S. digital cellular (USDC). Furthermore, cellular and personal communication services (PCS) service providers are likely to use adaptive arrays in the future to increase system capacity. Thus, position location may become a natural by-product of future wireless systems. Position location via wireless can be accomplished by two general methods: the AOA method and the time of arrival (TOA) method. AOA, also called direction of arrival (DOA), has been used widely in surveying, radar tracking, and vehicle navigation systems [22-241. The location of the desired target in two dimensions can be found by the intersection of two lines of bearing (LOBs), each formed by a radial from a base station to the mobile target. A single measured angle forms a pair of LOBs and provides the target location. Instead of using the intersection of just two lines, many pairs of LOBs are used in practice, and highly directional antennas are required, making AOA difficult at the mobile. As shown in Fig. 1 , AOA methods may use three base stations located at points (A, B, C), and two measured angles to deduce the location of the target at the point of intersection of two circles. This method, known as "resection" or triangulation, may be solved using trigonometry or analytic geometry, or through table lookup [22] .
POSITION LOCATION FUNDAMENTALS
For radio frequency (RF) signals, AOA is usually determined at a base station by electronically steering the main lobe of an adaptive phased array antenna in the direction of the arriving mobile signal. Typically, two closely spaced antenna arrays are used to dither about the exact direction of peak incoming energy to provide a higher-resolution measurement k3-R 1 o f t h e AOA. The many adaptive algorithms to accomplish this steering are discussed in the folowing section. AOA is applied to the problem of direction finding (DF), where the target attempts to locate the direction of fixed sensors in order to obtain a position fix, often using high-resolution spatial analysis techniques that have been developed [24-271. The second primary method for determining position location is with TOA measurements [28] . Since electromagnetic waves propagate at the constant speed of light (c = 3 x 108m/s), or approximately 1 ft/ns in a free he primary function of a position location system is to locate the coordinates of a desired mobile user (called the target) with respect to a set of objects (base stations) with known positions. Position loca- (1) Therefore, if a free space signal arrives at a base station receiver 10 ps after it is transmitted, the target transmitter must lie on a sphere of radius 3000 m from the base station. If TOA measurements are made at a second base station at a second location, the target position can be determined to lie on a circle since the intersection of two spheres is a circle. The three-dimensional position of a transmitter is uniquely determined by the intersection of three spheres using TOA measurements from three base stations [28, 291. In general, direct TOA results in two problems. First, T O A requires that all transmitters and receivers in the system have precisely synchronized clocks (e.g., just 1 ps of timing error could result in a 300 m position location error). Second, the transmitting signal must be labeled with a timestamp in order for the receiver to discern the distance the signal has traveled. For this reason, TDOA measurements are a more practical means of position location for commercial systems [30] .
The idea behind TDOA is to determine the rela- [31] . If the source and all receivers are coplanar, a two-dimensional source location can be estimated from the intersection of two or more independently generated hyperboloids generated from three or more TDOA measurements, as shown in Fig. 2 . Three-dimensional source location estimates require at least four independent TDOA measurements. Unlike TOA measurements, the transmitted signal need not contain a timestamp, and TDOA measurements require only that the fixed location receivers have precisely synchronized clocks. This corresponds to the timing standards already provided at cellular base station sites, making TDOA more realistic than requiring each mobile unit to have an accurate clock. Atomic clocks, such as a Cesium time source, o r a GPS receiver clock are typically used for timing at base stations.
It is possible to combine TDOA and AOA techniques into hybrid systems. For example, the position location system developed by Raytheon E-Systems for the CAPITAL project employs both techniques (Fig. 3) [17]. These two main classes of position location systems may be supplemented with deadreckoning or inertial navigation techniques. Dead-reckoning can be particularly useful when buildings and terrain obscure line-of-sight propagation between a transmitter and receiver. In this case wheel rotation sensors, which measure distance traveled, or inertial navigation systems using gyroscopes are used to update the location from the last previously known position until a new position fix can be obtained.
The basic position location techniques described above work well if the signals are not corrupted by noise, multipath, or interference. In practical systems, however, position errors occur due to imperfections in the channel [32] . While both AOA and TDOA techniques require a minimum of two or three base stations to determine a unique position location, new cellular or PCS systems are often designed to ensure only one high signal-to-noise ratio (SNR) link between a transmitting mobile and a base station. This is because in a conventional cellular system, base station count (infrastructure cost) and interference between adjacent cells must be minimized when first deploying the system [11] . The ability of multiple base stations to hear the target mobile is paramount to the design of position location systems. This problem is referred to as hearability, and it is where the design philosophy of multilateral position location systems diverges from that of wireless communications systems. Hearability is more of an issue in rural cellular systems, where coverage issues dictate the system design rather than capacity demands, which leads to more base stations and redundant coverage in cities [34] .
Both AOA and TDOA techniques also rely on a direct line-of-sight path from the transmitting mobile to the base station receivers.
However, both urban and mountainous rural environments induce significant path blockage and multipath time dispersion due to reflections from and diffraction around buildings and terrain. Multipath components may appear as a signal arriving from an entirely different direction, and can lead to catastrophic errors in an AOA system [33] . Although diffraction around a building may have less severe consequences for the relative TOA of a signal in a TDOA system, multipath reflections from distant objects can lead to time distortions of several microseconds [ll] . Because of their ability to resolve and reject multipath, wideband spread-spectrum systems and directional antennas will offer advantages for position location in a multipath environment [20] .
Real-world channel impairments require special processing techniques to improve the resistance of both A O A and TDOA methods to noise, multipath, and interference. It is often advantageous to use more than the minimum number of TDOA or AOA receivers for a unique solution, in order to average out errors induced by the radio channel. While this affords improved performance by combining additional information, it is usually impossible to obtain a single consistent solution in this overdetermined case. As a result, processing algorithms must be capable of combining many noisy and inconsistent measurements. These algorithms are discussed in greater detail in the next section.
ADVANCED ALGORITHMS FOR POSITION LOCATION AOA ALGORITHMS FOR POSITION LOCATION
This section presents an overview of some of the more popular methods for estimating the AOA of a signal impinging on an array of antenna elements. Because a vast body of literature exists on these direction finding (DF) methods, the discussion here is kept brief, with emphasis placed on those methods most applicable to the cellular/PCS radio environment. More details on the algorithms discussed here may be found in the cited references. In particular, the overviews given in [24, 611 are excellent sources of background information on the problem of AOA estimation.
In general, an angle of arrival estimate is made from a base station using a directional antenna such as a phased array of two or more antenna elements to measure the AOA of the incident signals (Fig. 4) . In general, the sensor (e.g., antenna element) spacing used in an AOA measurement is on the order of half the wavelength of the signal carrier frequency. The relatively close spacing of the antenna elements allows the time delay seen by a signal as it propagates across the array to be modeled as a phase shift. This is referred to as the "narrowband model," and is assumed to be appropriate in the development of most AOA estimation algorithms.
The accuracy of the narrowband model is dependent on the signal bandwidth, the antenna element spacing, and the quality of the receiver hardware. The narrowband model is only accurate if the signals received at each antenna element are processed (filtered, downconverted, sampled, etc.) in an identical manner. This means that each channel of the receiver (RF front-end for each antenna element) must have nearly the same frequency response, be highly linear, and use the same oscillators for all mixing and sampling operations. This type of receiver is generally known as a coherent receiver. The receiver is a major contributor to the cost of an AOA estimation system, whzre the cost increases as the number of antenna elements (and hence number of receiver channels) increases. Therefore, it is highly desirable to keep the number of antenna elements in the array to a minimum. The number of antenna elements needed in the array is strongly dependent on the signal environment and the specific AOA estimation algorithms employed. A critical assumption made for most DF techniques is that the number of incident signals is strictly less than the number of antenna elements. As discussed later, this requirement can be relaxed if properties of the incident signal are exploited; if, for example, it contains a known training sequence, or the sequence can be estimated. It should be noted that implementation of adaptive beamforming requires the same type of coherent receiver. Therefore, if smart antennas (i.e., adaptive phased arrays) are deployed at the base station, AOA estimation can be incorporated with modest additional signal processing, and such antenna systems show great promise for emerging high-capacity wireless systems [20] . The array must be carefully calibrated over all measured angles, as well as frequency and temperature. This is an expensive operation, in terms of the cost of both computational storage and periodically performing the array calibration.
The most straightforward AOA estimation approach is phase interferometry. A phase znteqerometer directly measures the phase difference between the signals received on multiple pairs of antenna elements and converts this to an AOA estimate. This approach works quite well for high SNR but will fail for strong co-channel interference and/or multipath.
Another conceptually simple approach is beamformzng. This method can be viewed as measuring the output power of a beamformer while steering the main-beam of the array over the angular field of interest. This yields a true spatial spectrum, that is, an estimate of power distribution versus AOA. A diagram illustrating the concept of beamforming is shown in Fig. 5 . The beamformer weights w, control the spatial response of the beamformer. Capon's method is closely related but has better angular resolution [35] . However, neither of these methods work well in coherent multipath.
Methods that work well in multipath can be derived using the maximum likelihood (ML) framework [19, 24, 361. Different ML algorithms are obtained by making different assumptions about the incident signals. This leads to the so-called deterministic and stochastic ML methods. In multipath environments the ML methods will estimate the AOA of each path. However, implementation of these methods requires a complex multidimensional search. The dimensionality of the search is equal to the total number of paths taken by all of the received signals. This search is further complicated by the fact that the total number of paths is not known a priori and must be estimated.
Another class of methods that will work well in multipath can be derived by combining spatial smoothing with subspacebased algorithms. Examples of subspace methods include MUSIC [25] and ESPRIT [27, 371. Normally these methods fail in multipath, but using a spatially smoothed covariance matrix in place of the conventional one allows them to operate properly [38] . Spatial smoothing methods have been combined with property-exploiting adaptive beamforming methods which estimate the spatial signature directly [38] . Estimating AOA from spatial signature vectors has several advantages over estimating AOA directly from the observed data. The principal advantage is that the search is reduced from one where the AOA of all paths must be estimated to one where only the paths contributing to the estimated spatial signature of the desired signal must be estimated. Another advantage is that more multipath components can be processed by a fixed array [33] .
A class of ML methods with very useful properties can be derived by assuming that the incident signals are known rather than unknown stochastic processes [39-411. This allows exploitation of, for example, the training sequences that exist in most digital cellular standards. An interesting application of these methods to the problem of estimating the AOA of code-division multiple access (CDMA) signals was recently proposed in [42] . All of the AOA estimation algorithms proposed so far assume that the number of antennas in the array exceeds the number of co-channel signals. This is clearly not practical for CDMA where the number of co-channel signals is very large; therefore, none of the AOA estimation methods discussed above are applicable to CDMA. However, by assuming that the CDMA signal may be demodulated with low bit error rate (BER), an estimated waveform may be substituted for the known waveform. Computing TDOA Estimates -Before evaluating the hyperbolic range equations, Eq. (2), it is necessary to estimate the range differences Rid, or equivalently the TDOA ti -tj. The most widely accepted method for obtaining these estimates is the generalized cross-correlation method. Suppose the transmitted signal is s(t), and the signal xl(t) = s(t -d,) + n,(t) which arrives at receiver i is delayed by d j s and corrupted by the noise process ni(t). Similarly, the signal xj(t) = s(td j ) + nj(t) which arrives at receiver j is delayed by dj and corrupted by the noise process nj(t). The cross-correlation function between the two signals is given by integrating the lag product of two received signals for a sufficiently long time period T, ( 
)
The cross-correlation approach requires that receiving base stations share a precise time reference and reference signals, but does not impose any requirement on the signal transmitted by the mobile. Also note that the SNR of the TDOA estimates can be improved by increasing the integration interval T. Once the cross-correlation function is computed, the value of z which maximizes Eq. (3) is the maximum likelihood estimate of the TDOA. Equivalently, an estimated cross-spectral density function can be computed in the frequency domain, and then the estimated cross-correlation function is obtained via an inverse Fourier transform.
Frequency domain processing is often used because it lends itself well to filtering of the signals prior to computation of the cross-correlation function. This filtering operation is particularly important in discriminating the desired signal from arriving multipath components. While filtering techniques such as the R o t h impulse response processor [35] , smooth coherence transform (SCOT) [43] , Eckhart filter 1441, and Hahnan-Thomson (HT) are effective in reducing the effects of noise and interference on the TDOA estimates, they still experience problems in multipath [45] . This is because overlapping cross-correlation peaks due to multipath often cannot be resolved. Even if distinct peaks can be resolved, a method must be devised for selecting the correct peak value, such as choosing the largest or first peak. More recently, there has been significant research applying the theory o f cyclostationary signals to improve the resolution of the generalized cross-correlation method [46, 471, which may offer improved performance in multipath environments.
Solution of Hyperbolic Position Location Equations -
Once accurate TDOA estimates are available, the position of the mobile transmitter may be determined by substituting the corresponding range difference estimates RI, into the hyperbolic equations, Eq. ( 2 ) , and solving for the Cartesian coordinates of the mobile. However, since these equations are nonlinear, their solution is nontrivial, particularly when the range estimates may be noisy or inconsistent. Much of the research in this area was originally motivated by work in the field of sonar, so there exist a number of good solutions when the receivers are constrained to lie on a regularly placed linear formation [45, [48] [49] [50] . However, the solution of hyperbolic TDOA equations is more difficult when the fixed location receivers are arranged in arbitrary fashion, which is more typical of the cellular and PCS environments.
The easiest method of solution is to linearize the equations through use of a Taylor-series expansion in which only the first two terms are retained [51, 521. However, in some situations this method can result in significant position location errors due to geometric dilution of precision (GDOP) effects. GDOP describes a situation in which a relatively small ranging error can result in a large position location error because the mobile unit is located on a portion of the hyperbola far away from both receivers [21, 531. Note that TDOA accuracy will be greatest when the mobile lies directly between the two receivers.
Fang [26] The solution is valid for both close and distant sources, and approaches optimum performance for the small noise case. Chan's method performs significantly better than the spherical interpolation method, has substantially lower computational complexity than the Taylor-series method, and is able to tolerate a higher noise threshold than the divide and conquer approach.
Measures of Position Location
Accuracy -A number of measures have been developed to assess the performance of a TDOA position location system. Mean-squared positioning error is one obvious and widely used method which is also used for other position location techniques. Other methods which are more specifically suited to measuring the accuracy of TDOA techniques include GDOP and the Cramer-Rao lower bound [31, 35, 521. As noted previously, GDOP occurs when a mobile unit far away from a base station has a severely degraded position estimate, even if the TDOA range estimates are fairly accurate. This phenomenon may be used as a means of characterizing the performance of a TDOA position location system for various operating conditions and geometry. The numerical value of the GDOP is defined as the ratio of the root mean square position error to the root mean square error in the TDOA range [7, 21, 52, 581. For a 2-D hyperbolic position location system, the GDOP is given by: in the x and y directions, respectively , and 02 is the meansquare TDOA ranging error. Clearly, the system designer would like to minimize the GDOP for a given set of conditions. The performance of a TDOA position location system is limited both by the accuracy of TDOA estimates which are available and by the accuracy with which the nonlinear hyperbolic ranging equation may be solved. The Cramer-Rao bound, which defines what is meant by "optimum performance" for an algorithm which solves Eq. 
THE FUTURE OF ITS POSITION LOCATION USING WIRELESS SYSTEMS
idespread position location is in its infancy. GPS, sign-W post techniques, and geolocation approaches offer tremendous opportunities for improved highway safety and exciting new commercial applications. The marriage of two key technologies, position location and wireless personal communications, will completely change the way we work and travel as personal position location capabilities become ubiquitous. In today's marketplace, the most popular cellular telephone configuration is a handheld unit that also plugs into a vehicle kit -consumers want wireless communications wherever they go, and use their phones both in vehicles as car phones and outside vehicles as handheld portables. Integrating a GPS unit with the car kit will be easy, but it remains to be seen if GPS can be integrated effectively into a portable handheld wireless phone.
Finding inexpensive ways to supplement GPS coverage when mobiles are in the shadows of urban canyons will become important for many applications. Possible remedies include ground-based GPS or other geolocation supplements; integration of the Russian GPS counterpart, GLONASS, to overcome GPS limitations; and advanced on-board navigation techniques that supplement GPS information. Indeed, in good conditions GPS is often more accurate than the maps used by emergency personnel and commercial wireless providers, which indicates more work in mapping is _ . -needed as well.
Using the existing cellular infrastructure as a signpost system is a promising inexpensive course location solution. By using some a priori knowledge of the cellular system layout, a mobile may determine its location to within a cell when certain forward control channel information is received and integrated with an onboard map or database. Cellular offers brief two-way messaging via the reverse control channel.
Cellular geolocation is another emerging position location technology and may offer some advantages over GPS, although the technology is clearly not as refined as GPS. Some advantages include compatibility with existing phones for E-911, as well as the provision of ancillary information for use in vehicular traffic monitoring, vehicular incident detection, and system planning for optimum wireless resource allocation. Placing the responsibility of position location at the base station alleviates the difficulties of integrating GPS in the handheld subscriber unit.
The major issues for cellular geolocation are ensuring that multiple base stations are capable of hearing the signal (the "hearability" problem) and contending with the errors introduced by multipath. Figure 5 illustrates typical radio propagation paths in a suburban environment which were obtained by ray tracing propagation modeling at the Mobile and Portable Radio Research Group (MPRG) at Virginia Tech.
Site-specific software planning tools and propagation measurement tools provide both spatial and temporal modeling capabilities, and are needed for design, implementation, and research of wireless systems employing smart antennas and position location. For instance, planning and building a geolocation system would require that three or more base stations be capable of receiving a signal anywhere in the service region, with well understood multipath conditions throughout the region. Software planning and simulation tools will need to incorporate ray tracing techniques to understand the spatialtemporal impact of multipath on position location accuracy.
Hardware measurement tools such as wideband channel sounders [60] that are able to determine the angle of arrival will be useful and may work in concert with spatial-temporal propagation planning tools of the future. With such a set of installation, design, and simulation tools, geolocation of a mobile could be accomplished by using inexpensive monitoring receivers and by adequate base station planning. It may also be possible to have the base stations from different service providers at different locations to aid in the geolocation.
There will also be advantages in using fully adaptive arrays at the base station to help detect weak signals and reduce the impact of multipath and interference. The adaptive array would increase the spectral efficiency of the cellular network while simultaneously providing AOA. Certainly, new position location algorithms that are computationally efficient and more robust to multipath and co-channel interference will be needed; to develop these, researchers will require more accurate spatial-temporal multipath channel modeling tools capable of creating maps and temporal-spatial channel models, such as that shown in Fig. 6. 
CO NCLU s IO N
his article has provided a survey of position location technologies which are being introduced for the highways of the future. Regulators and commercial services are already showing intense interest in wireless location systems, yet many challenges must be met before widespread low-cost position location becomes available. GPS, signpost, and geolocation appear to be leading candidates for wireless position location, and it is presently unclear which way the industry will go. Much work is needed to develop ubiquitous position location solutions, and it is hoped that the treatment here will help those interested in solving problems for position location systems of the future.
ACKNOWLEDGMENTS
The support and assistance of Bob James, Shankari Panchapakeson, and Ashwan Amanna of Virginia Tech's Center for Transportation Research, designated as an ITS "Research Center of Excellence," and Dan Grosh of CTIA is gratefully acknowledged. The authors would like to acknowledge the assistance of MPRG researchers Prof. Tim Pratt, Alan Alexander, George Mizusawa, Don Breslin, Kevin Krizman, Tom Biedka, Keith Blankenship, and Aurelia Scharnhorst for their efforts in the preparation of this article.
